Obesity has emerged as a critical metabolic disorder in modern society. An adequate lifestyle with a well-oriented programme of diet and physical exercise (PE) can prevent or potentially even cure obesity. Additionally, PE might lead to weight loss by increasing energy expenditure and decreasing hunger perception. In this article, we hypothesize that an acute exercise session would potentiate the glucose inhibitory effects on food intake in male Wistar rats. Our data show that moderate-or high-intensity PE significantly decreased food intake, although no changes in the expression of feeding-related neuropeptide in the arcuate nucleus of the hypothalamus were found. Exercised animals demonstrated a reduced glucose tolerance and increased blood insulin concentration. Intraperitoneal administration of glucose decreased food intake in control animals. In the animals submitted to moderate-intensity PE, the decrease in food intake promoted by glucose was similar to controls; however, an interaction was observed when glucose was injected in the high-intensity PE group, in which food intake was significantly lower than the effect produced by glucose alone. A different pattern of expression was observed for the monocarboxylate transporter isoforms (MCT1, 2 and 4) and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFBP3) in the hypothalamus, which was dependent on the exercise intensity.
New Findings

• What is the central question of this study?
How does an acute session of exercise affect food intake of male Wistar rats?
• What is the main finding and its importance?
Food intake in male Wistar rats is decreased in the first hour after physical exercise independent of the intensity. Moreover, high-intensity exercise potentiates the anorexic effect of peripheral glucose administration.
This work raises new feeding-related targets that would explain how exercise drives body weight loss.
Hughes, Whybrow, & King, 2003; Deighton et al., 2014) . The effects of exercise might depend on the exercise intensity, duration and type (Ballard et al., 2009; Broom et al., 2017; Deighton, Barry, Connon, & Stensel, 2013; King, Miyashita, Wasse, & Stensel, 2010; Martins et al., 2015) , as well as the individual's characteristics, such as age and gender (Dodd, Welsman, & Armstrong, 2008; Knudsen, Karstoft, & Solomon, 2013; Thivel, Aucouturier, Metz, Morio, & Duché, 2014 ).
These differences are mainly related to the levels of acylated ghrelin, a stomach-derived hormone that promotes hunger (Broom, Stensel, Bishop, Burns, & Miyashita, 2007; Schubert, Sabapathy, Leveritt, & Desbrow, 2014) , and less attention has been given to other humoral, neuronal and sensorial regulators of feeding behaviour (Hazell, Islam, Townsend, Schmale, & Copeland, 2016; Schubert et al., 2014) .
Since the fifties, glucose has been described as a modulator of food intake (Mayer, 1953) , and the existence of glucose sensors that 'turn on' or 'turn off' the neurons by changes in their redox metabolism has been proposed (Jordan, Könner, & Brüning, 2010; Oomura, Ono, Ooyama, & Wayner, 1969; Oomura, Ooyama, Sugimori, Nakamura, & Yamada, 1974) . The rises of ATP levels and reactive oxygen species (ROS) would trigger the activation of anorexigenic neurons and the inhibition of orexigenic ones, leading to a satiety phenotype (Andrews et al., 2008; Ashford, Boden, & Treherne, 1990; Benani et al., 2007; Haller, MironovSL, & Richter, 2001; Horvath, Andrews, & Diano, 2009; Jordan et al., 2010) . However, specific proteins that regulate glucose metabolic flux, such as the monocarboxylate transporters (MCT) (Elizondo-Vega et al., 2015 ) and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFBP3), seem to play a crucial role in food intake modulation (Li et al., 2013) .
In this work, we hypothesize that an acute session of PE might potentiate the glucose anorexic effect, when intraperitoneally administered to male Wistar rats. The I.P. route of glucose administration was chosen in order to get a strict insight on the role of serum glucose, avoiding the possibility of any gastrointestinal hormonal interference. We show that moderate-and high-intensity exercise were both able to reduce food intake in rats. However, an interaction between the effects of PE and glucose on food intake was only observed when high-intensity exercise was performed. We found a different pattern of expression of the MCT isoforms and PFKBP3 in the arcuate nucleus of the hypothalamus, which was dependent on the exercise intensity. Our data show a crucial role of exercise intensity on the anorexic effect of peripheral glucose. (Grundy, 2015) .
METHODS
Ethical approval
Animals
Male Wistar rats (350-400 g body weight, 3 months old) donated by the Vital Brazil Institute (Niterói, RJ, Brazil) were used in the experiments. Rats were housed singly in the animal care unit of the School of Physical Education and Sports, Federal University of Rio de Janeiro, Brazil, in a temperature-controlled environment (22 ± 2 • C) on a reversed dark-light cycle (lights off at 07.00 h, lights on at 19.00 h).
The animals had ad libitum access to commercial rat chow (Nova LaB, Rio de Janeiro, Brazil) and tap water.
Experimental design
The animals were all single-housed five days before the experiments and periodically handled by the same person to avoid manipulationrelated stress. On the day before the experiment, food was removed at 19.00 h. After overnight fasting, the animals had free access to food between 07.00 and 08.00 h. At 08.00 h food was removed and the animals fasted until 13.00 h (purple, Figures 1a, 2a, 3a and 4a) .
At 10.00 h the animals were randomly placed on the treadmill (see 'Treadmill exercise' section) (Figure 1a, right) , and a single session of exercise was conducted. At the end of the exercise, animals were replaced in their respective cages. At 13.00 h the following studies were performed on four separated groups of rats.
Experimental Study 1
At 13.00 h, animals received free access to food, and food intake was measured each hour until 19.00 h (green, Figure 1a ).
Experimental Study 2
At 13.00 h, glucose-and insulin tolerance tests were conducted (see the 'Blood glucose, glucose and insulin tolerance test' section). Animals had access to food only at the end of the procedures. Food intake was not measured at this point (Figure 2a) . Treadmill exercise decreases initial food intake in rats. Food was available for 2 h after the end of the exercise and food intake was measured each hour for a total of 6 h. Comparison of the 6 h cumulative food intake between the control, MOD and HIGH groups. (e) Food intake in the respective groups analysed per hour. In (b,c), the number of rats per group = 8. In (d,e), the number of rats per group = 16. In (b), statistical analysis was performed using one-way ANOVA and the Holm-Sidak multiple comparisons test to find post hoc differences among the groups. In (c,d,e), statistical analysis was performed using two-way ANOVA with the Holm-Sidak multiple comparisons test to find post hoc differences among the groups. Differences were considered statistically significant when P < 0.05
Experimental Study 3
At 13.00 h, animals received a bolus of glucose (I.P., 1.5 g kg −1 ). Animals 
F I G U R E 2 (a) Schematic representation of the experimental day. Glucose was injected (I.P., 1.5 g (kg body weight) −1 ) in control (grey), MOD (blue) and HIGH (red) 2 h after the end of the exercise and blood glucose concentrations were measured just before (T 0' ) and 15, 30, 60 and 90 min after. Insulin was injected (I.P., 1 IU (kg body weight) −1 ) 2 h after the end of the exercise and blood glucose concentration measured just before (T 0 ) and 15, 30, 60 and 90 min after. (b,c) Glucose tolerance test and area under the curve. (d,e) Insulin tolerance test and area under the curve. The number of rats per group = 7-9. In (b,d), statistical analysis was performed using two-way ANOVA and the Holm-Sidak multiple comparisons test to find post hoc differences among the groups. In (c,e), statistical analysis was performed using one-way ANOVA and the Holm-Sidak multiple comparisons test to find post hoc differences among the groups. Differences were considered statistically significant when P < 0.05 the enriched fraction of the arcuate nucleus was gently cut out using a scalpel (Figure 3a , bottom). Tissues were immediately frozen in liquid nitrogen. All procedures were conducted in pre-cooled plates. For each animal, the procedure room was cleaned and kept as sterile as possible to avoid any odour-related stress. No anaesthesia was used before killing in order to prevent interference with the parameters analysed.
Experimental Study 4
Animals received a bolus of glucose (I.P., 1.5 g kg −1 ), or saline as vehicle, 15 min before 13.00 h. At 13.00 h, animals received free access to food, and food intake was measured until to 14.00 h ( Figure 4a ).
Treadmill exercise
In a treadmill for rats (AVS project, São Paulo, Brazil), the rats were motivated to run by electric shock (Cavalcanti-de-Albuquerque et al., 2014 ). An acclimatization period was conducted 3-5 days before the day of the test, in order to decrease the stress level. On the day of the experiments, all animals were acclimatized on the treadmill for 5 min at 0 m min −1 followed by 5 min at 10 m min −1 . The electric shock was set at 1.0 mA and remained turned on during the acclimatization and exercise sessions for all the investigated groups, including the control group. At the end of the acclimatization period, animals unable to acclimatize to the treadmill were excluded from the study. Animals were randomly allocated to three groups: (1) control;
(2) moderate-exercise intensity (MOD); and (3) 11.00 h. Rats that received more than 10 electric shocks during the exercise protocol were excluded from the study.
Control (6) MOD (6) HIGH (6) (e) 
Control (6) MOD (6) HIGH ( , the number of rats per group = 8-9. In (e,f), the number of rats per group = 6. In (g), the number of rats per group = 7-8. In (b,c), statistical analysis was performed using two-way ANOVA and the Holm-Sidak multiple comparisons test to find post hoc differences among the groups. In (e,f,g), statistical analysis was performed using one-way ANOVA and the Holm-Sidak multiple comparisons test to find post hoc differences among the groups. Differences were considered statistically significant when P < 0.05
Food intake (experimental studies 1 and 4 only)
At 13.00 h, animals received 20 g of standard chow. For each hour, food was changed to a new amount of 20 g. The removed amount was weighed, and the delta weight was considered the food intake per hour.
The effect of peripheral glucose on food intake was measured 15 min after glucose injection (I.P., 1.5 g kg −1 ) at 13.00 h. Saline was used as a vehicle to compare the effect of the peripheral glucose. Food intake is expressed in g (100 g body weight) −1 .
Blood glucose, and glucose and insulin tolerance tests
Glucose tolerance tests were conducted by I.P. injection of glucose (1.5 g kg −1 ) in a final volume of 10 ml (kg body weight) −1 . In separate groups of rats, insulin tolerance tests were conducted by I.P. injection of insulin (1 IU kg −1 ) in a final volume of 7.6 ml (kg body weight) −1 . Blood samples were collected from the tails and glycaemia was measured using commercially available glucose test strips and a glucometer 
Blood measurements 2.7.1 Blood glucose
Blood glucose was measured in tail blood at the end of exercise and 2 h later, using commercially available glucose test strips and a glucometer (Accu-chek R Active). To get access to the tail blood a small cut was made in the tail tip. A small bandage was applied to the rat tail to avoid bleeding during the exercise session, which was removed only 2 h after the end of the exercise. 
Quantitative real-time PCR
RNA was extracted from the arcuate nucleus using the Mini Plus Kit RNeasy R kit (Qiagen, Hilden, Germany), following the manufacturer's instructions, and was treated with DNase. Total RNA (0.5 g) was reverse transcribed using a high capacity reverse 
Statistics
The data are expressed as the mean ± standard deviation (SD). Pvalues were calculated using one-way analysis of variance (ANOVA) to compare multiple groups or two-way ANOVA. When necessary, the Holm-Sidak multiple comparisons post hoc test was used. Prism version 7.02 software (GraphPad Software, La Jolla, CA, USA) was used to perform statistical tests and plot the figures. P < 0.05 was considered statistically significant.
RESULTS
Metabolic profile after exercise session
At the end of the exercise session, blood lactate concentrations significantly increased according to the effort (Figure 1b) , showing that the exercise intensities performed were markedly different (1.35 ± 0.28, 2.51 ± 0.78 and 3.9 ± 1.38 mmol l −1 in the control, MOD and HIGH groups, respectively; F(2, 20) = 14.71, P < 0.0001).
The MOD and HIGH groups had similar glycaemic increases, which were both significantly different from control animals (121.6 ± 9.4, 145.4 ± 21.8 and 158.3 ± 13.67 mg dl −1 in the control, MOD and HIGH groups, respectively; F(2, 20) = 11.15, P = 0.0005; Figure 1c) , and blood glucose returned to the basal levels 2 h after the end of the exercise (Figure 1c) . 
TA B L E 1 List of primers
An acute session of exercise promotes a decrease in food intake
Food was provided 2 h after the end of the exercise session, and the consumption was measured for 6 h ( Figure 1a ). Food intake of the MOD and HIGH groups was lower during the first 6 h of re-feeding, when compared to the control group (Time, F(6, 276) = 592.7, P < 0.0001; Exercise, F(2, 46) = 7.639, P = 0.0014; Interaction, F(12, 246) = 3.409, P = 0.0001) (Figure 1d ). Analysing hour-by-hour, the decrease in food intake among the groups was significantly lower only during the first hour of re-feeding (2.26 ± 0.47, 1.72 ± 0.44 and 1.72 ± 0.43 g food (100 g BW) −1 , in the control, MOD and HIGH groups, respectively; F(2, 45) = 7.395, P = 0.0017; Figure 1e ).
Effect of exercise on glucose tolerance
Our data showed that an acute session of treadmill exercise changed glucose tolerance in rats that ran at either moderate or high intensities (Time, F(4, 108) = 114.6, P < 0.0001; Exercise F(2, 27) = 6.731, P = 0.0042; Interaction F(8, 108) = 3.628, P = 0.0009; Figure 2b ). This was confirmed by the area under the curve analysis (7961 ± 1745, 11939 ± 2899 and 10667 ± 2460 arbitrary units; F(2, 27) = 7.037, P = 0.0034; Figure 2c ). These effects were not related to changes in insulin sensitivity (Figure 2d ,e). Exercised groups had higher insulin concentrations 15 min after glucose injection (I.P.) in comparison with the control group (1562 ± 742.9, 1915 ± 735.5 and 1841 ± 1112 pg ml −1 in the control, MOD and HIGH groups, respectively; F(2, 16) = 5.855, P = 0.0124; Figure 3b ). No changes were found in serum leptin concentrations (Figure 3c ).
Expression of hypothalamic MCT and PFKFB3 genes
The expression of genes for the hypothalamic neuropeptides related to the control of food intake (proopiomelanocortin (POMC), cocaine- 
Interaction between glucose and exercise regarding food intake regulation
Exercise and peripheral glucose administration decreased food intake (Exercise, F(2, 270) = 6.21, P = 0.0028; Glucose, F(5, 270) = 78.84, P < 0.0001; Figure 4b ). Acute physical exercise, either MOD or HIGH, induced an anorexic effect in the first hour after re-feeding (2.08 ± 0.6, 1.56 ± 0.6 and 1.49 ± 0.32 g food (100 g BW) −1 in the control, MOD and HIGH groups, respectively; F(2, 34) = 4.479, P = 0.018). Peripheral injection of glucose potentiated the decrease of food intake in the HIGH but not in the MOD group (1.60 ± 0.62, 1.32 ± 0.68 and 1.02 ± 0.37 g food (100 g BW) −1 in the control, MOD and HIGH groups, respectively; F(2, 42) = 3.71, P = 0.0328; Figure 4b ).
DISCUSSION
The effects of exercise on energy balance has mainly been investigated from an energy expenditure perspective (Bonomi et al., 2013; DeLany et al., 2014) . Although less attention has been given to the impact of exercise in the control of energy intake, some groups are providing relevant information about it in humans and, recently, in rodents, suggesting the existence of an anorexic-like mechanism after physical exercise (Blundell et al., 2003; Deighton & Stensel, 2014; Jeong et al., 2018) . These anorexic effects seem to be linked to changes in the hormones that regulate feeding (Broom et al., 2007; Hazell et al., 2016; Schubert et al., 2014) . However, the mechanisms underlying the fluctuations in postprandial and post-exercise serum glucose have not been defined. In the present article, we report that different intensities of exercise, both moderate and high, promoted a decrease in food intake only during the first hour after exercise, and no compensatory effect on food intake was observed on the day after the exercise (data not shown), which indicates that exercise might lead to a tiny negative energy balance that is not counterbalanced in the long term.
Furthermore, when glucose was administrated peripherally, interaction between exercise and the glucose anorexic effect was only observed in the HIGH group. Moreover, the HIGH group showed changes in MCTs and PFKFB3 gene expression in the hypothalamus, suggesting that specific glucose metabolism machinery in the hypothalamus can be altered shortly after an acute high-intensity exercise session. These data open a field of investigation about how exercise impacts hypothalamic glucose sensors and its possible implication in the control of whole body energy homeostasis.
Physical activity has the potential to modulate appetite control by improving the sensitivity of the physiological satiety signalling system (Hazell et al., 2016; Schubert et al., 2014) . Hunger perception is decreased after an acute session of exercise (King et al., 1994; Panek et al., 2014; Stubbs et al., 2002; Westerterp-Plantenga et al., 1997) , which is dependent on the duration, but especially on the intensity, of the exercise (Ballard et al., 2009; Broom et al., 2017; Deighton et al., 2013; King et al., 2010; Martins et al., 2015) . Reduced levels of acylated ghrelin has been the main explanation for the anorexic effect of PE (Broom et al., 2007; Schubert et al., 2014) . Classically, acylated ghrelin increases food intake by activating hunger neurons (AgRP neurons) in the melanocortin system (Chen et al., 2017) . Our data demonstrate that regardless of the intensity, an acute session of PE did not alter the expression of the orexigenic (AgRP and NPY) or anorexigenic (POMC and CART) neuropeptides. These data suggest that other signals beyond canonical neuroendocrine signalling in the arcuate nucleus might also play a role in the anorexic effect of exercise.
It is well documented that many peripheral signals can trigger the postprandial effects of satiety (Camilleri, 2015) . Glucose is one of the most studied molecules that has this ability (Carneiro et al., 2012; Horvath et al., 2009; Jordan et al., 2010; Mayer, 1953) , and the response to glucose could be mediated indirectly by stimulating the secretion of insulin, which is a potent anorexic hormone (Kowalski & Bruce, 2014; Loh et al., 2017; Parker, Shaw, Stepto, & Levinger, 2017) , or directly through a central mechanism that is driven by changes in the central nervous system metabolism (Andrews et al., 2008; ElizondoVega et al., 2015 ElizondoVega et al., , 2016 Horvath et al., 2009; Li et al., 2013) . The action of glucose after an exercise session, however, is still poorly understood. Classically, the effects of PE on glucose homeostasis is better understood in the long-term physical training model, in which PE increases glucose tolerance by the translocation of glucose transporter 4 (GLUT4) to the membrane of muscle cells independent of insulin signalling (Cartee, 2015; Parker et al., 2017) . In line with previous findings in humans (Rose, Howlett, King, & Hargreaves, 2001 ), our data show that an acute session of PE promotes robust changes in glucose homeostasis leading to higher serum glucose and insulin levels ( Figure 2 ).
On the other hand, the increased liver expression of G6Pase
( Figure 3g ) suggests that the net uptake and the production of glucose by the liver would favour a sustained glucose concentration in the exercised animal and could explain the higher levels of blood glucose after the intra-peritoneal glucose tolerance test (Daniel, 2012; Kowalski & Bruce, 2014; Rose et al., 2001) . These data point to two primary hypotheses: (1) after a meal, an increased concentration of insulin in the exercised group could be essential to trigger the activation of the hypothalamic satiety pathway more efficiently than in the control group (Loh et al., 2017) and (2) after a meal, the increased levels of glucose could activate the satiety pathways by the metabolic and redox sensors in the hypothalamus of the MOD and HIGH groups more efficiently than in the control group (Andrews et al., 2008; Elizondo-Vega et al., 2015 Horvath et al., 2009; Li et al., 2013) .
A scientific effort has been made to elucidate the classical effect of glucose on food intake. Previous studies suggest that changes in neuronal metabolism, such as increased levels of ATP (Ashford et al., 1990; Haller et al., 2001 ) and ROS (Andrews et al., 2008; Benani et al., 2007; Carneiro et al., 2012; Horvath et al., 2009) , are necessary to modulate the hypothalamic satiety and hunger neurons.
Therefore, it is imperative to evaluate the pathways triggered by glucose separately from its metabolism in cytoplasm and mitochondria (Jordan et al., 2010) . One possible mechanism that could mediate these effects depends on how neurons regulate their glycolytic flux and has been associated with neuronal apoptosis when activation is chronically sustained in cortical glutamatergic neurons (RodriguezRodriguez et al., 2012 (RodriguezRodriguez et al., , 2013 Yang et al., 2015) . In addition, recent findings suggest that the activation of PFKFB3 is vital to trigger the hypothalamic glucose sensor, increasing the expression of the satiety neuropeptides POMC and CART and decreasing the expression of the hunger neuropeptides AgRP and NPY (Li et al., 2013) . These previous studies support our hypothesis that increases in PFKFB3 expression could explain the higher sensitivity to peripheral glucose by the hypothalamic neurons in the HIGH group, leading to lower food intake during the first hour of re-feeding.
New evidence shows that support cells in the central nervous system are important to regulate feeding (Elizondo-Vega et al., 2015 Liu, MacKenzie, Putluri, Maletić-Savatić, & Bellen, 2017; Yang et al., 2015 (Jordan et al., 2010; Mayer, 1953) .
However, since environmental changes of blood glucose concentration that turn on or off the glucose-sensing neurons are in the range of 1-5 mM glucose (Kosse, Gonzalez, & Burdakov, 2015) , it is possible that variations in MCT1 expression are more important than those of MCT4. This is probably due to the fact that the K m for lactate is 7.7 and 34 mM for MCT1 and MCT4, respectively (Elizondo-Vega et al., 2015) . No differences were found in MCT2 expression, which is expressed in 90% of the glucose-inhibited neurons and in 60% of the glucose-excited neurons (Cortes-Campos et al., 2013; ElizondoVega et al., 2015) . More studies are necessary to understand the role of hypothalamic MCTs in feeding behaviour after an exercise session.
Lastly, the choice of the route of glucose administration depends on several variables, including the specific hypothesis to be tested (Ayala et al., 2010) . In the present article, we aimed to investigate the role of peripheral glucose in food intake in Wistar rats that performed a single session of exercise. Although it is recognized that the oral glucose tolerance test is a more physiological approach than the intraperitoneal glucose tolerance test, it is reasonable to think that this methodology would drive changes in the gastrointestinal environment.
In this regard, gastrointestinal hormones could play a direct role in the hypothalamic circuitry related to feeding behaviour, especially in the arcuate nucleus (Carreiro et al., 2016; Parker, Gribble, & Reimann, 2014) , which could generate a misinterpretation of our data. To avoid this bias and to bring a real insight into the addressed hypothesis, we decided to administer glucose intraperitoneally.
Limitations of the study
In the present study, rats were motivated to run by electrical shock.
All animals were well adapted and had learned how to run avoiding the shock since the first day of acclimatization. However, we cannot exclude the possibility that the exercise responses are related to the stress intrinsic to the exercise protocol used herein.
Conclusion
In conclusion, the present work demonstrates that 2h after an acute PE session, food intake decreases during the first hour of re-feeding in rats submitted to both moderate-and high-intensity PE. The administration of peripheral glucose was also able to reduce food intake in the control group. However, a positive interaction with the exercise-anorectic effects was only observed when high-intensity exercise was conducted. Although the high-intensity exercise altered the transcription of the genes for PFKFB3 and MCT in the arcuate nucleus of the hypothalamus, we cannot state that they are definitely connected with the peripheral glucose effect on food intake of this group in the present study. Future studies are necessary to better establish the underlying mechanisms involved in the anorectic effect after an acute session of PE in Wistar rats.
